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The blade–vortex interaction (BVI) phenomenon plays a key role in the rotorcraft aerody-
namics. Numerical investigations of BVI using classical CFD approaches are computation-
ally expensive. In the present research we propose a numerical approach, based on the
potential ﬂow theory, for the numerical investigation of helicopter blade–vortex mecha-
nism of interaction. This approach overcomes the computational expenses posed by the
CFD techniques. The inﬂuence of vertical miss distance, angle of attack, airfoil camber,
and vortex strength on the helicopter blade–vortex mechanism of interaction is subject
of investigation. The study reveals that the magnitude of the aerodynamic coefﬁcients
decreases with the increase of vertical miss distance and angle of attack, and the decrease
of vortex strength and core size.
 2011 Elsevier Inc. All rights reserved.1. Introduction
In rotorcraft, blade–vortex interaction (BVI) is one of the main sources of noise and vibrations and comprises one of the
most complex unsteady ﬂow features of helicopter rotor in forward ﬂight. Strong interactions which result in strong chord-
wise temporal pressure variations are caused by a vortex whose axis is parallel (or nearly parallel) to the spanwise axis of the
blade. Seath et al. [1] have shown that the parallel interactions are the most signiﬁcant when compared with either oblique
or perpendicular interactions.
BVI noise occurs mainly during landing/descending ﬂight and sometimes in maneuvering ﬂight when the rotating blades
pass in close proximity to the previously shed rotor tip vortices. These vortices induce sharp periodic aerodynamic distur-
bances on the blades. BVI is most prominent during slow-speed descent, since during this phase of the ﬂight the vortex is
more likely to interact with the rotor blades, as shown by Papadakis et al. [2]. When a vortex is shed from the rotating blade
tip and convected downstream, it is intersected by the next rotor blade. At the start of the BVI, the vortex is at an upstream
location and moves towards the airfoil leading edge, as schematically presented in Fig. 1.
Numerical simulations of BVI have been of interest to Computational Fluid Dynamics (CFD) for many years. However,
a good understanding and prediction of BVI has not been achieved. Moreover, the use of CFD approaches such as
Reynolds-averaged Navier–Stokes (RANS), large-eddy simulation (LES) and direct numerical simulation (DNS) pose particu-
lar limitations. RANS approach provides only steady-state solutions of the ﬂow ﬁeld and aerodynamic coefﬁcients. Since BVI
is a time-dependent phenomenon, RANS is not a suitable approach and a time-dependent solution must be sought. DNS is
the approach that provides the most accurate solution. DNS resolves all the scales of motion by solving the Navier–Stokes
equations and no averaging or approximation is undertaken to solve the governing equations. However, due to the wide. All rights reserved.
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2842 P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857range of length and time scales present in turbulent ﬂows, the use of DNS is still limited to low-Reynolds-number ﬂows
(Re  5000) and relatively simple geometries.
In order to overcome the grid requirements issues, turbulence has to be modeled to perform simulations for problems of
practical interest. Accurate prediction of BVI aerodynamic loads using unsteady Reynolds-averaged Navier–Stokes (URANS)
is known to be very challenging due to the complex unsteady ﬂow dynamics, involving boundary layer development on the
suction side and ﬂow separation.
Another challenge posed by the numerical investigation of BVI is the inherent numerical dissipation of CFD turbulence
models, which severely affects the preserving of the vortex characteristics. Tung et al. [3] present a comprehensive study
of BVI using different CFD approaches and show their highly dissipative nature. In separate studies Felten and Lund [4], Nag-
arajan and Lele [5] and Lardeau and Leschziner [6] identiﬁed the dissipative nature of URANS.
To overcome the limitations posed by DNS and URANS, large-eddy simulation (LES) has emerged as an alternative. The
motivation for LES is that, since the large energy-carrying eddies are highly inﬂuenced by the boundary conditions, they
can be computationally resolved while the small eddies or unresolved scales are modeled. However, the use of LES forFig. 1. Blade–vortex interaction (BVI): (a) rotor-trailed vortex ﬁlament; (b) perpendicular interaction; (c) parallel interaction.
Fig. 2. Panel schematic.
P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857 2843the numerical investigation of BVI poses signiﬁcant computational challenges associated with the grid requirements, espe-
cially when the boundary layer is of concern. Moreover, the computational cost of LES is very high.Fig. 3. Schematic view of the blade–vortex interaction.
Fig. A.4. Flow chart of code.
2844 P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857In the present research we propose a computational method that is computationally less expensive than the above men-
tioned approaches as well more ﬂexible. The proposed method presents several advantages over the classical CFD ap-
proaches. One of the main advantages is that the computational time is signiﬁcantly reduced, by order of 106. AnotherFig. A.5. (cont.) Flow chart of code.
P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857 2845advantage of the method is the fact that eliminates the tedious work and time associated with the mesh generation. Also, the
present method offers the advantage of fast computations of the aerodynamic coefﬁcients when parametric studies are of
concern. Moreover, the numerical computations, using the proposed method, can be carried out on a single CPU machine.Fig. A.6. (cont.) Flow chart of code.
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[11], have showed that BVI induced noise and vibration can be reduced by making use of smart materials. The studies
showed of this type of control applications require efﬁcient and easily applied computational methods. The proposed meth-
od can be easily applied and efﬁciently used for the computation of aerodynamic loads, necessary for the estimation of stres-
ses in the materials necessary for such type of applications. Moreover, the proposed method is highly efﬁcient, as estimation
one simulation takes about 40s on dual core machine. Thus, the proposed method is highly suitable for fast computations.
This is one of the advantages of the method when compared with DNS or LES computations. Previous studies of BVI aero-
dynamics using LES, Ilie [12], showed that the computational cost is very high while the gain in the solution accuracy is
not signiﬁcant when compared with Vortex Panel Method.
The present research concerns the study of the inﬂuence of several parameters such as vortex strength, angle of attack,
airfoil thickness and camber on the aerodynamic coefﬁcients.
2. Computational method and models
2.1. Computational method
In the present study, the parallel blade–vortex interaction is investigated using the potential ﬂow theory. More speciﬁ-
cally the analysis is based on the Vortex Panel Method (VPM). The VPM is a powerful computational tool for determining
the circulation density and implicitly the pressure distribution and lift coefﬁcient for the case of incompressible ﬂow past
a thin airfoil. A VPM is proposed for the calculation of pressure coefﬁcient distribution around a two-dimensional symmetric
thin airfoil NACA0012 subject to airfoil–vortex interaction (AVI). The vortex is described by a potential vortex which is de-
ﬁned by Eq. (1).uh ¼ C2pr ð1Þwhere C is the circulation and represents the strength of the vortex and r is the vortex core size. From Eq. (1) it can be seen
that, at the core of the potential vortex, the velocity goes to inﬁnity and is thus considered a singularity.
In the VPM the airfoil is comprised of panels, boundary points and control points. The airfoil is divided into n-panels,
which are assumed to be planar and named in a clockwise direction starting from the trailing edge. The boundary pointsFig. A.7. (cont.) Flow chart of code.
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trol points to ensure that the boundary points of the airfoil be a streamline. This condition is necessary because the airfoil is a
solid body, and streamlines do not penetrate into solid bodies. The Kutta condition is imposed as well.
As seen in Fig. 2 the airfoil is represented by a closed polygon of n-vortex panels [13]. The vortex strength c(s) is constant
across each panel, but the presence of the vortex induces a velocity at the surface of the airfoil which is different at each
panel on the airfoil due to the fact that the radius is variable. The velocity potential induced by panel j at a point P located
at (x,y) in the ﬂow at a distance rpj from panel j is given by Eq. (2).D/j ¼ 
1
2p
Z
j
hpjcjdsj ð2Þwhere hpj is the angle that rpj makes with respect to the x-axis, and it is given by Eq. (3).hpj ¼ tan1
y yj
x xj ð3ÞTo get the potential due to all panels at a point P, where P is the control point (xi,yi), Eq. (2) is summed over all the panels,
resulting in Eq. (4)./ðxi; jiÞ ¼ 
Xn
j¼1
cj
2p
Z
j
hijdsj ð4ÞFig. B.8. Panel sensitivity analysis.
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of that due by the freestream and that due by the vortex panels as portrayed in Eq. (5).V1;n þ Vn ¼ 0 ð5Þ
where V1,n is given by Eq. (6) and Vn is given by Eq. (7).V1;n ¼ V1cosbi ð6Þ
Vn ¼ 
Xn
j¼1
cj
2p
Z
j
@hij
@ni
dsj ð7ÞThe core equation that deﬁnes the Vortex Panel Method is then found by substituting Eqs. (6) and (7) into Eq. (5) as shown in
Eq. (8).V1cosbi 
Xn
j¼1
cj
2p
Z
j
@hij
@ni
dsj ¼ 0 ð8ÞApplying Eq. (8) over all panels, a system of n linear algebraic equation with n unknowns is obtained. Next to this system of
equations, the Kutta condition must also be satisﬁed [13]. The Kutta–Joukowsky condition is introduced as an extra equationFig. B.9. Pressure coefﬁcient distribution as a function of vortex-airfoil miss-distance.
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U1 represents the free-stream velocity and c is the chord of airfoil. The circulation is positive if the vortex rotates in the
clockwise direction and negative if the vortex rotates in the counter-clockwise direction.2.2. Computational model
In the present analysis, a uniform ﬂow and superimposed vortex past an airfoil NACA0012, is subject of investigation. The
computations are carried out to investigate the inﬂuence of several parameters such as vortex strength, vortex–airfoil offset
distance, airfoil angle of attack, airfoil thickness and camber on the aerodynamic coefﬁcients.
The numerical studies ware performed for a Reynolds number, Re = 1.3  106, based on free stream velocity U1 and the
chord length of the airfoil. A schematic view of the blade–vortex interaction is presented in Fig. 3. It is important to mention
here that although in rotorcraft there is a periodic rotational motion of the blade, for the experimental or numerical inves-
tigation of the blade–vortex interaction it can be assumed, without losing any ﬂow physics that the blade is ﬁxed, as shown
by Seath et al. [1], Papadakis et al. [2], Abello and George [14,15], Horner et al. [16], Nagarajan and Lele [5] and Lardeau and
Leschziner [6]. The blade can be assumed ﬁxed for the following reason. At the instant of blade–vortex interaction, the mostFig. B.10. Pressure coefﬁcient distribution as a function of vortex strength.
Fig. B.11. Pressure coefﬁcient distribution as a function of angle of attack.
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and blade is the sum of tangential velocity of the tip of the blade Vtip and the actual traveling velocity of the helicopter
Vhelicopter, Vrelative = Vtip + Vhelicopter. In the present and previous numerical studies Nagarajan and Lele [5] and Lardeau and
Leschziner [6], the blade is assumed ﬁxed. However, the free-stream velocity is imposed such that to equal the vortex-blade
relative velocity Vrelative. In this way the vortex travels with the free-stream velocity, encountering the ﬁxed blade. A ﬂow
chart, of the numerical algorithm used in the present work, is presented in Appendix A in Figs. A.4–A.7.3. Results and discussion
In the general blade–vortex interaction problem, the vortex encounters the blade under various conditions. For a parallel
interaction, the important variables of the problem are the initial position of the vortex above (or below) the airfoil (y/c), the
nondimensional vortex circulation CU1c and the angle of attack a.
In the present work, the blade–vortex interaction problem is investigated under a wide range of these variables. In par-
ticular the vortex–airfoil vertical offset yc was varied from 0.3 to 0.1, the vortex circulation CU1c was varied from 0.2 to 0.5
and the angle of attack was varied from 0 to 9. All calculations were started at xc ¼ 5. In each case, the lift and moment
coefﬁcients were calculated.Fig. B.12. Pressure coefﬁcient distribution of vortex height.
Fig. B.13. Pressure coefﬁcient distribution as a function of circulation.
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tivity analysis suggests that a number of 96 panels provides an accurate solution. It can be seen that there is no signiﬁcant
change in pressure coefﬁcient distribution when the number of panels is equal to 96 or 128. Also it can be seen that even a
number of 48 panels are sufﬁcient for a good accuracy of lift coefﬁcient. Based on the accuracy and computational time rea-
sons a number of 96 panels was used in the present study. Fig. B.9 presents the pressure coefﬁcient distribution function of
vortex–airfoil horizontal offset. From Fig. B.9 it can be seen that at the instant when the vortex is far upstream the airfoil, the
pressure coefﬁcient presents similar values at the upper and lower surface of the airfoil. This suggests that at this instant
there is no lift generated by the incoming vortex. It is important to remind here that the lift force is a surface integral of
the pressure or the enclosed area between the curves associated with the pressure coefﬁcient of the upper and lower surface
of airfoil. As the vortex approaches the airfoil xc ¼ 1 the curves associated with the pressure coefﬁcient of the lower and
upper surface are different. This is associated with lift generation. Fig. B.9(a) presents the pressure coefﬁcient for the case
of a vortex of negative circulation, while Fig. B.9(b) presents the case of positive circulation. Please note that the positive
circulation is deﬁned in the counterclockwise direction.
From Fig. B.9 it can be seen that the presence of the vortex generates a change in pressure coefﬁcient distribution around
the airfoil even at angle of attack 0. It was noticed that when the vortex is far upstream airfoil, the pressure distribution at
the airfoil surface is not affected by the presence of the vortex and no lift is generated. As expected the close encounters
result in large ﬂuctuations in the aerodynamic coefﬁcients. Far upstream and downstream of the airfoil, the results are
identical. It is worth noticing that for the same height above and below the airfoil, the results are almost identical up toFig. B.14. Inﬂuence of vortex height on aerodynamic forces.
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apparent.
From Fig. B.9 it can be seen that as the vortex approaches the airfoil, the pressure coefﬁcient changes and so the lift coef-
ﬁcient. It is worth noticing that the values of pressure coefﬁcient are dependent on the vortex circulation. Thus, as the vortex
approaches the airfoil, an increase of pressure coefﬁcient is observed for negative circulation, while a decrease of pressure
coefﬁcient is observed for positive circulation.
An investigation regarding the inﬂuence of vortex strength on pressure coefﬁcient was performed as well and the results
are presented in Fig. B.10. It can be seen that as the strength of the vortex (having negative circulation) increases, the pres-
sure coefﬁcient increases as well.
From Fig. B.10 it can be seen that when the strength of the vortex increases, the pressure coefﬁcient increases as well and
so the lift coefﬁcient and pitching moment coefﬁcient as it will be detailed later. From Fig. B.11 it can be seen that as the
angle of attack increases, the pressure coefﬁcient increases as well.
In Fig. B.12 the inﬂuence of the vortex–airfoil offset distance yc on pressure coefﬁcient is presented. From Fig. B.12 a de-
crease of the area enclosed between the lower and upper pressure coefﬁcient curves is observed with the increase of vertical
miss distance. This is explained by the fact that the vortex–airfoil interactions are less signiﬁcant with the increase of the
vortex–airfoil offset distance, and thus the aerodynamic coefﬁcients are less inﬂuenced by these interactions.
Fig. B.13 presents the pressure coefﬁcient function versus circulation. The analysis reveals that the pressure coefﬁcient
exhibits higher values for negative circulation. However, from this representation it is hard to estimate whether the lift is
positive or negative and therefore an accurate estimation of lift coefﬁcient is required.Fig. B.15. Lift coefﬁcient dependence on angle of attack.
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ﬁcient decreases as the vortex approaches the airfoil (until a minimum value is achieved) followed by a sudden jump as the
vortex core passes the airfoil leading edge. This sudden jump in lift coefﬁcient is associated with a sudden change in the pres-
sure ﬁeld. The sudden change in pressure has an aeroacoustic meaning and it is associated with the blade–vortex interaction
(BVI) aeroacoustic noise, at the instant when the vortex encounters the airfoil. The amplitude of the jump in lift coefﬁcient
decreases as the vertical offset distance y/c increases. This decrease is due to the fact that the vortex–airfoil interactions are
less signiﬁcant and consequently have less impact on the aerodynamic coefﬁcients. As the vortex travels downstream the
airfoil, the lift coefﬁcient decays asymptotically to zero from positive values, for all test cases. Fig. B.14(b) presents the tran-
sient behavior of moment coefﬁcient function of the offset vertical distance. The moment coefﬁcient is calculated about 14 of
the aerodynamic center of the airfoil using the deﬁnition Cm ¼  14CL. Thus, the trend of moment coefﬁcient is the mirrored
trend of lift coefﬁcient.
The results for lift coefﬁcient were compared with the ones obtained by Renzoni and Straus [17] and they are in good
agreement. The small ﬂuctuations of Cl and Cm in Renzoni [18] results are due to the fact that the author used the unsteady
Bernoulli equation in the calculation of pressure coefﬁcient. However the trend and the order of magnitude of the present
results are in good agreement with the results of Straus [17], using the linear airfoil theory, and supported by the LES studies
Ilie [12].
Fig. B.15 shows the inﬂuence of airfoil angle of attack on the lift coefﬁcient, for positive and negative circulation.
Fig. B.15(a) shows the lift coefﬁcient for the case of positive circulation. The lift coefﬁcient presents similar trend for allFig. B.16. Pitching moment coefﬁcient dependence on angle of attack.
2854 P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857angles of attack. It is observed that the lift coefﬁcient decays as the vortex approaches the airfoil and there is a sudden jump
at the instant when the vortex core passes the airfoil leading edge. As the vortex travels the airfoil chord length the lift coef-
ﬁcient presents an asymptotic decay. However, an overall increase of lift coefﬁcient is observed with the increase of airfoil
angle of attack. For the case of a vortex of negative circulation, Fig. B.15(b), the trend of lift coefﬁcient is reversed compared
with the case of positive circulation. Thus, as the vortex approaches the airfoil the lift coefﬁcient presents an asymptotic
growth followed by a sudden decay. As the vortex travels the chord length of airfoil the lift coefﬁcient presents an asymptotic
growth to a constant value. This value of lift coefﬁcient corresponds to the case of uniform ﬂow past NACA0012 airfoil.
Fig. B.16 presents the variation of moment coefﬁcient, Cm, function of airfoil angle of attack. Hence, the trend of moment
coefﬁcient is the reverse of lift coefﬁcient trend and its values are 14 of the lift coefﬁcient values. From the variation of moment
coefﬁcient it is observed that the moment coefﬁcient presents an asymptotic growth followed by a sudden decay. As the vor-
tex travels the chord length of airfoil the moment coefﬁcient increases asymptotically to a constant value.
Fig. B.17(a) shows the variation of lift coefﬁcient versus vortex strength. It is observed that with the increase of vortex
strength, the sudden jumps in lift coefﬁcient at the instant of vortex–airfoil interaction increase as well. Since this jump
is responsible for noise and vibration it follows that the level of noise and vibration increases with the vortex strength.
Fig. B.17(b) presents the variation of moment coefﬁcient Cm versus vortex strength. The moment coefﬁcient presents a mir-
rored trend compared with the lift coefﬁcient since it is 14 of Cl. Also the sudden jump in moment coefﬁcient increases with
the vortex strength.Fig. B.17. Inﬂuence of vortex strength on aerodynamic forces.
P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857 2855Fig. B.18 presents the variation of aerodynamic coefﬁcients function of the airfoil camber. From the analysis of pressure
coefﬁcient Fig. B.18(a), it is observed that the enclosed area between the lower and upper surface pressure coefﬁcient in-
creases with the increase of airfoil camber. Based on the pressure ﬁeld computations, the present study reveals that the lift
coefﬁcient increases with the increase of camber, Fig. B.18(b). This suggests that the airfoil camber may be used to generate
lift even for angle of a = 0. The moment coefﬁcient also exhibit an increase with the increase of airfoil camber.
Fig. B.19 presents the inﬂuence of airfoil thickness on the lift coefﬁcient. Similar to the analysis of camber effect on the
aerodynamic coefﬁcients, an increase of the aerodynamic coefﬁcients with the increase of airfoil thickness is observed. Sim-
ilar to the camber effect the airfoil thickness must be considered for optimum blade design when the BVI is of concern. The
present study shows that both the airfoil camber and thickness are key parameters that may be used to control the aerody-
namic coefﬁcients.
The present study suggests that the blade–vortex vertical miss distance is an important parameter in the BVI aerodynam-
ics, the BVI effect decays with the increase of the vertical miss distance. Moreover, the vertical miss-distance can be used as
ﬂight path management parameter to minimize the noise and vibrations associated with it. However, this depends on the
pilots skills. Also the results show that for high angle of attack the BVI is minimized and this can be used for as a control
parameter as well. These results suggest that a high angle of attack is desirable, both from the lift gain and noise and vibra-
tion reduction.Fig. B.18. Inﬂuence of camber line on aerodynamic forces.
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A potential ﬂow method was developed to evaluate the blade–vortex interaction problem where the vortex is allowed to
move steadily. Numerical studies of blade–vortex interaction were conducted to investigate the inﬂuence of the vortex–air-
foil vertical miss distance and vortex core size on the vortex–airfoil mechanism of interaction and aerodynamic coefﬁcients,
for a Reynolds number Re = 1.3  106. The presence of the vortex in the ﬂow ﬁeld induces a velocity at the surface of airfoil
and generates time-varying aerodynamic coefﬁcients.
A comparison with an unsteady, parallel blade–vortex interaction was made and the results are in good agreement. Small
discrepancies were noticed through the analysis of aerodynamic coefﬁcients when the vortex is very close to the leading
edge of airfoil. Calculations for parallel blade–vortex interaction were performed for a variety of initial vortex positions, vor-
tex strengths and airfoil angles of attack. The present analysis shows that using the potential ﬂow theory and modeling the
vortex as a potential vortex is sufﬁcient to evaluate the effects of airfoil–vortex interaction on the aerodynamic forces. The
main advantage of this method is that it is computationally less expensive than the classical CFD approaches such as LES,
while proving valuable information.
The variation of the aerodynamic coefﬁcients depends on the vortex–airfoil mechanism of interaction deﬁned by the both
parameters, vortex–airfoil vertical miss distance and vortex core size. A decrease in magnitude of aerodynamic coefﬁcients
with the increase of vertical miss distance was observed. A decrease in the magnitude of aerodynamic coefﬁcients with
the decrease of vortex core size was observed as well. The variation of the aerodynamic coefﬁcients depends on theFig. B.19. Inﬂuence of thickness on aerodynamic forces.
P.X. Coronado Domenge, M. Ilie / Applied Mathematical Modelling 36 (2012) 2841–2857 2857vortex–airfoil mechanism of interaction deﬁned by the both parameters, vortex–airfoil vertical miss distance and vortex core
size. A decrease in magnitude of aerodynamic coefﬁcients with the increase of vertical miss distance was observed. A
decrease in the magnitude of aerodynamic coefﬁcients with the decrease of vortex core size was observed as well.
The proposed method can be applied to the aerodynamic computations of any external ﬂows. One example is the aero-
dynamic computations of turbomachinery parts (compressor/turbine blade aerodynamics), airplane wing or wind turbines
which nowadays received particular attention as sustainable source of energy.
Appendix A
Figs. A.4–A.7.
Appendix B
Figs. B.8–B.19.
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